1. Introduction {#sec1}
===============

It has been recently attracted considerable attention to culture cells of 3-dementional (3D) and apply them for drug screening or cell therapies. Patient cells derived 3D cell aggregates or spheroids and xenografts are one of the advanced drug screening models that reflect cancer heterogeneity \[[@bib1], [@bib2], [@bib3]\]. There have been reported on 3D cell constructs based on cell sheet technology. It has been demonstrated that oral mucosal epithelial cell sheets are transported and transplanted on endoscopic submucosa \[[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\].

It has been a considerable problem for the usage of 3D cell constructs that there exists abundant microorganism on the surface of the constructs. When cells derived from patients are cultured, it is quite important to confirm that the contamination is free. Bacterial contamination is a practical problem which cannot be escaped. There are three reasons. First, the end products are invalid. Second, the consequent cost is wasted. Last, the operators are often exposed to the risks of infection. Therefore, at cell processing centers, the contamination is carefully paid much attention to be prevented \[[@bib11]\]. In addition, virus infection is also considered a serious problem because of the operators' risks, and distortion of experimental results \[[@bib12]\].

There are several conventional sterilization methods, but they have limitations. For example, anti-bacterial agents are not always effective for all types of microorganisms, although the effect depends on their sterilization mechanisms. Low-pressure mercury lamps of 254 nm UV-C can sterilize most of microbes without remaining agents. However, it is found that they have cytotoxic effects, such as damage at DNA levels. Recently, 207/222 nm UV-C are studied because they can sterilize almost all microbes and biologically safer to tissues \[[@bib13], [@bib14], [@bib15]\]. Mammalian cells are composed of proteins. Most proteins show 10-fold more absorption coefficient at 222 nm than at 254 nm \[[@bib16]\]. In case of spherical cells, nucleus and DNAs are covered with cytoplasm and protected \[[@bib17]\]. A previous study demonstrates that UV irradiation of 222 nm induces no DNA mutagenesis on mice \[[@bib15]\]. On the other hand, 222 nm UV irradiation can kill many species of microbes similarly to 254 nm \[[@bib18]\]. However, little has been evaluated on the biological safety of 222 nm UV irradiation in a cellular level.

This study is undertaken to evaluate the cell damages of 222 nm UV irradiation for cell sheets. Following the irradiation to one or two-layered cell sheets, the cell damage of the one-layer sheet or the lower layer of the two-layered sheets (lower layer) was assessed by the conventional MTT and colony formation assays. The cell damage was compared with that of 254 nm UV irradiated. For the aseptic insurance, UV irradiation around 20--500 mJ/cm^2^ is practically required, although it depends on the type of microorganisms \[[@bib18]\]. Based on this, the irradiation dose of 222 nm and 254 nm was selected in this study. First, we examined the UV transmittance of 222 nm and 254 nm through cell sheets. Second, the dose--response curve of UV lights was evaluated using 2D cultured cells. Third, the cell damages of lower cells when irradiated at 222 nm were evaluated. In addition, the viability assay of lower cells with high sensitivity was developed using layered cell sheets and confluent cells.

2. Materials and methods {#sec2}
========================

2.1. Cell culture {#sec2.1}
-----------------

NCTC Clone 929 cells (JCRB9003) were purchased from JCRB Cell Bank (Japanese Collection of Research Bioresources Cell Bank). The cells were cultured in MEM with Earle\'s Salts, L-Gln and Non-Essential Amino Acids, liquid with nonessential amino acids (Nacalai Tesque INC., 21,443--15), supplemented with 10 vol% fetal bovine serum (HyClone™, SH30910.03, GE Healthcare Life Sciences, England) and 1 vol % penicillin streptomycin (09367--34, Nacalai Tesque, Inc., Kyoto, Japan).

2.2. Preparation of cell sheets {#sec2.2}
-------------------------------

UpCell 24 well plates were purchased from CellSeed Inc., Tokyo, Japan. The plate surface is covered with a temperature-responsible polymer \[[@bib19]\]. Cells are seeded at the concentration of 8.3 × 10^4^ cells/well and cultured at 37 °C in 5% CO2 - 95% atmospheric condition, while the culture medium was half changed every 1 or 2 days. L-ascorbic acid phosphate magnesium (013--19641, FUJIFILM Wako Pure Chemical Co., Osaka, Japan) was added into the culture medium as described below. As a stock solution, 10 mM of [l]{.smallcaps}-ascorbic acid phosphate magnesium was dissolved into sterilized phosphate-buffered saline solution (PBS) (pH 7.4, 1 wt%). PBS was purchased from Nissui Pharmaceutical Co. Ltd., Tokyo, Japan. The stock solution was dissolved by the culture medium at the volume ratio of 1:100. Further cell culture for 2 or 4 (for the lower layer), 7 (for UV transmittance measurement) or 10--11 days (for the upper layer for cell damage assay) was continued to obtain one cell sheets. Ascorbic acid stock solution was not added into culture medium post irradiation incubation.

To prepare the lower layers, cells were seeded on glass bottom dishes (D11140H, Matsunami Glass Ind. Ltd, Osaka, Japan), at the same concentration in cell sheets preparation. [l]{.smallcaps}-ascorbic acid phosphate magnesium was added into the culture medium as described above.

2.3. UV equipment {#sec2.3}
-----------------

Two types of lamp devices were used for UVC light irradiation. One was a 222 nm-emitting device, which composes of a set of krypton-chloride (Kr--Cl) excimer lamp and other components. The other was a 254 nm light source, the conventional low-pressure mercury lamp (SUV-4, AS ONE co. Osaka, Japan). The 222-nm-emitting device (Ushio Inc. Tokyo, Japan) is composed of a Kr--Cl lamp, a custom band-pass filter, mirrors and air-cooling fan. Since a Kr--Cl excimer lamp emits other wavelength (around 230 nm--320 nm) slightly, a customized filter was used to block almost all wavelengths except for the dominant 222-nm ([Fig. 1](#fig1){ref-type="fig"}). Irradiance emitted by each device was measured using an S-172/UIT250 accumulated UV meter (Ushio Inc., Tokyo, Japan).Fig. 1An emission spectrum of UV-C light of Kr--Cl excimer lamp.Fig. 1

2.4. Measurement of UV transmittance of cell sheets {#sec2.4}
---------------------------------------------------

Cells were seeded on a quarts bottom dish (D11130S, Matsunami Glass Ind. Ltd, Osaka, Japan). A cell suspension of 135 μl, 3.0 × 10^5^ cells/ml was seeded on the quartz surface of dishes. After 6 or 7 h of incubation, 2 ml/dish of culture medium with 100 μM of [l]{.smallcaps}-ascorbic acid was added into each dish. Culture medium was exchanged every 2 days. After 7 days of culture, the supernatant was discarded, and then cells were washed with 2 ml/dish of PBS for three times, following by addition of 1 ml fresh PBS. UV transmittance of one cell sheet was measured as shown in [Fig. 2](#fig2){ref-type="fig"}. To measure the baseline, a cell sheet-free blank culture dish with PBS was used. The baseline was measured every time before and after UV transmittance measurement for each sample. To increase the measurement accuracy, 1-min accumulated UV irradiance was measured. Experiments were independently performed 3 times for each sample unless otherwise mentioned.Fig. 2An experimental set up to measure UV transmittance of cell sheets.Fig. 2

2.5. MTT assay of monolayer cultured cells {#sec2.5}
------------------------------------------

Cells were seeded on glass bottom dishes (D11140H, Matsunami Glass Ind. Ltd, Osaka, Japan), similarly to the procedure described above. [l]{.smallcaps}-ascorbic acid phosphate magnesium was added into the culture medium. After 2 days of incubation, cells were washed with 2 ml/dish of PBS three times, the lid of culture dish was exchanged with a quarts dish (3-2445-02, AS ONE Co., Osaka, Japan), and monolayer cultured cells were irradiated by UV light as shown in [Fig. 3](#fig3){ref-type="fig"}. PBS was added to keep the cells wet. Next, PBS was discarded, and the fresh culture medium was added, following by additional incubation for 3 days.Fig. 3A schematic illustration of colony formation assay of cells in the lower cell layer.Fig. 3

MTT assay was performed as described below. As a stock solution, MTT reagent (23,547--05, Nacalai Tesque, Inc., Kyoto, Japan) was dissolved into PBS to give the concentration 12 mM, and then the resultant solution was sterilized through the filtration. As a working solution, the MTT stock solution was dissolved into the culture medium at the volume ratio of 1:10.

The excessive culture medium was discarded, and 2 ml of MTT working solution was added into each sample. The cells were incubated at 37 °C for 2.5 h. After macroscopic and microscopic observation of each sample, the MTT working solution was removed. 300 μl of 2-propanol was added into each sample and left for 3.5 h to extract formazan from the cells. The formazan extract was diluted if needed in a 96-well plate and its absorbance was measured by a Microplate Reader (SpectraMax i3x, Molecular Devices Japan Co., Ltd., Tokyo, Japan).

2.6. UV irradiation to two-layered cell sheets {#sec2.6}
----------------------------------------------

UV irradiation experiments were performed as [Fig. 3](#fig3){ref-type="fig"}. Cell sheets were rinsed three times with PBS before the UV exposure because the remaining culture medium might absorb UV lights. Cell sheets were cultured for 10 or 11 days, and then detached from UpCell by leaving at room temperature. The cell sheet (an upper layer) was carefully transferred by pipetting, and stacked on another cell layer (a lower layer). The lower layer was confluent cells, cultured for 4 days (MTT assay) or 2 days (colony formation assay), respectively. To exclude the medium remaining, the cell sheets were washed with PBS (1 ml for the upper sheets, 2 ml for the lower sheets, respectively) for 3 times before stacked. The upper cell sheets were stacked upon the lower cell sheets, and immediately after that, UV light was irradiated. The lid of culture dish was exchanged with a quarts dish (3-2445-02, AS ONE Co., Osaka, Japan), and the cell sheets were irradiated by UV lights as shown in [Fig. 3](#fig3){ref-type="fig"}. After irradiation, the outline of the upper cell sheet was marked using a pen. Next, PBS was added, and only the upper layer was carefully peeled off. The fresh culture medium was added the lower layer, and then the lower layer were cultured for MTT and colony formation assays.

2.7. MTT and colony formation assays of the lower layers {#sec2.7}
--------------------------------------------------------

MTT assay was performed as described above, with some modification.

After MTT working solution was removed, and the center of the lower layer was cut into 7 mm diameter shape using cell scrapers and 200 μl pipette chips. The cells around the cut circles were removed using cell scrapers, and washed with 2 ml of PBS twice.

Colony formation assay was performed according to the procedure previously described with some modification \[[@bib13],[@bib20]\]. A single cell suspension was prepared by the method previously reported with some modification \[[@bib21]\].

A collagenase working solution was prepared immediately before use. Collagenase (S1746501, Nordmark, Cat.) was dissolved into serum-free culture medium at the concentration of 3 mg/ml, and kept at 4 °C until used. PBS was removed and the center 8 mm of the lower layer was scraped using mini-cell scraper (MCS 200, United Biosystems Inc., USA). The scraped cells were dipped into 220 μl of collagenase working solution in a 1.5 ml tube, and agitated at 37 °C 400 rpm using a shaker. Cells were agitated by pipetting, and 200 μl of 2.5 g/l tripsin- 1 mmol/l-EDTA solution was added into each tube. Samples were agitated at 37 °C 400 rpm for 5 min with a shaker, and 600 μl of PBS containing 10 vol % FCS was added. Samples were centrifuged at 1000 rpm for 5 min, the supernatant was removed carefully, and the pellets were again suspended in 100 μl of PBS containing 10 vol % FCS. The cell suspension of 100, 1,000, and 10,000 cells/well (including both live and dead cells evaluated by trypan-blue exclusion assay) was seeded into 6-well plates, and incubated for 6 days.

After the medium change, further 3 days incubation was performed. Then, the medium was discarded, and 5 ml of PBS was added for cells rinsing. The cells were stained with 2 ml mixed 6 vol/vol % glutaraldehyde and 0.5 w/vol % crystal violet aqueous solution for 30 min. After rinsing with tap water and dried, the number of colonies in each well was counted and macroscopic images were taken.

2.8. Statistical analysis {#sec2.8}
-------------------------

All the experimental data were described as the mean ± standard deviation (SD). Student t-test or Tukey--Kramer paired comparison test was used to statistical analysis. Statistical significance was accepted at the p value of less than 0.05.

3. Results {#sec3}
==========

3.1. UV transmittance of cell sheets {#sec3.1}
------------------------------------

[Fig. 4](#fig4){ref-type="fig"} shows the UV transmittance of adherent cell sheets, which are cultured on the quartz bottom dishes. The transmittance was 0.41 ± 0.03% and 6.29 ± 1.51%, for 222 nm and 254 nm UV irradiation, respectively.Fig. 4UV transmittance for cell sheets seeded on quartz bottom dishes.Fig. 4

3.2. MTT assay of only one layered cells {#sec3.2}
----------------------------------------

[Fig. 5](#fig5){ref-type="fig"}a shows the macroscopic images, and [Fig. 5](#fig5){ref-type="fig"}b shows MTT dose--response curve of cells irradiated by 222 nm or 254 nm. The IC~50~ values of cells were about 8 and 4 mJ/cm^2^ for 222 and 254 nm UV irradiation, respectively.Fig. 5MTT assay of cell sheets 3 days after incubation. The cells were irradiated at 5 or 10 mJ/cm^2^ of 222 or 254 nm UV light. (a) Macroscopic images of cells with or without UV irradiation. (b) Dose--response of MTT assay; (〇) 222 nm and (●) 254 nm ∗, p \< 0.05, significant difference between the negative controls and the irradiated groups. †, p \< 0.05, significant difference between 222 and 254 nm UV light irradiated groups at the corresponding dose.Fig. 5

3.3. MTT assay of lower cell sheets {#sec3.3}
-----------------------------------

[Fig. 6](#fig6){ref-type="fig"}a shows the macroscopic images of bottom cell sheets, stained with the MTT reagents. Green circles at the center of dishes show the outline of the upper sheets. The violet area of MTT activity completely disappeared for the area without covered by the upper cell sheets by the irradiation of 222 and 254 nm. On the contrary, at the area covered by the upper cell sheets, the violet area remained after irradiation of 222 nm, in a remarked contrast to that of 254 nm irradiation.Fig. 6MTT assay of lower cell layers 3 days after incubation. (a) Macroscopic images of cells with or without UV irradiation. (b) (〇) 222 nm and (●) 254 nm ∗, p \< 0.05, significant difference between the two groups.Fig. 6

The quantitative result of MTT assay ([Fig. 6](#fig6){ref-type="fig"}b) also confirmed the significantly higher MTT activity for the 222 nm group than for 254 one. The MTT activity was similar to that of no treatment.

3.4. Colony formation assay of lower cell sheets {#sec3.4}
------------------------------------------------

[Fig. 7](#fig7){ref-type="fig"}a and b shows the representative images of colonies. [Fig. 8](#fig8){ref-type="fig"} shows the quantitative results of cell colonies formed. The surviving fractions of cells were 0.79 ± 0.56 and 0.0 ± 0.0 for 222 and 254 nm irradiation, respectively.Fig. 7Colony formation assay 9 days after incubation. The cells were irradiated at 500 mJ/cm^2^of 222 or 254 nm UV light. (a) Macroscopic images of colonies with or without UV irradiation of 222 (a) or 254 nm (b).Fig. 7Fig. 8Dose--response of colony formation assay; (〇) 222 nm and (●) 254 nm ∗, p \< 0.05, significant difference between the two groups.Fig. 8

4. Discussion {#sec4}
=============

This study demonstrates that cell damages for 222 nm irradiation was significantly less than those of 254 nm. This strongly indicates the biological safety of 222 nm UV light for cells applicable for regenerative therapy. Following the UV irradiation to two-layered cells, the cell damages the lower layer cells with or without the coverage of the upper cell sheets were evaluated. The dose of 500 mJ/cm^2^ for 222 nm and 254 nm irradiation was used, because the dose can decrease almost all representative species of microbes to -- 3 logs \[[@bib18]\]. The UV transmittance experiment ([Fig. 4](#fig4){ref-type="fig"}) indicates that the lower layer was irradiated around 2.1 mJ (222 nm) or 31 mJ (254 nm), when the two-layered cells were irradiated at 500 mJ/cm^2^. Our result shows the similar tendency to previous studies. A previous study reported that 222 nm is absorbed by proteins 10 times more than 254 nm \[[@bib16]\]. In addition, the UV transmittance of 254 nm is found to be 10 times more than 220 nm \[[@bib22]\].

MTT dose--response assay of 222 nm or 254 nm demonstrates that the 222 nm irradiation gave cells less damage than the 254 nm one ([Fig. 5](#fig5){ref-type="fig"}a and b). The IC~90~ of a shorter wavelength UV was reported to be higher than that of 254 nm \[[@bib23]\]. It is suggested that the difference might be due to the shielding of nucleus by cytoplasm and membrane \[[@bib24]\]. This study results are similar to those of researches previously reported. When irradiated at 500 mJ/cm^2^, the cells of layered cells would be damaged by the 254 nm irradiation, but not by the 222 nm. It is apparent from [Fig. 5](#fig5){ref-type="fig"}a that cells at the center of culture dishes were less damaged than those at the peripheral. That might be due to the morphological difference of cells. It is possible that the cells at the center tended to pile up to form a multi-layer, resulting in less cell damage. The MTT dose--response of 254 nm is experimentally confirmed by several researches previously reported \[[@bib25], [@bib26], [@bib27]\]. We can say with certainty that 254 nm irradiation at higher than 10 mJ/cm^2^ gave cells damages heavy enough to lose their viability.

Furthermore, in this study, the cell damage of two-layered cells was conducted. When irradiated at 500 mJ/cm^2^ of 222 nm, the lower layer is estimated to be irradiated at 2.1 mJ/cm^2^. It is expected considering the dose--response result ([Fig. 5](#fig5){ref-type="fig"}b), the lower layer is not damaged similarly to the negative control. On the other hand, when irradiated at 500 mJ/cm^2^ of 254 nm, the lower cell layer will be estimated to be irradiated at 31 mJ/cm^2^. As the result, the lower cell layer is not viable. At least - 4 log reduction was observed for the colony forming ability. Taken together, it is highly conceivable that the lowest transmittance of 222 nm through cells resulted in the less cell damage of the lower cell layer ([Fig. 9](#fig9){ref-type="fig"}).Fig. 9Result and illustration of cell viability irradiated at 222 and 254 nm.Fig. 9

The colony formation assay has the highest sensitivity to detect the cell damage. MTT assay is also highly sensitive compared with other cell damage assays \[[@bib28]\]. In addition, in this study, the cell damages of 2D-culture cells were evaluated using a novel method as shown in [Fig. 3](#fig3){ref-type="fig"}. This method enables a simpler cell damage assay, compared with other types of 3D-cultured viability assays. Generally, to evaluate the cell damage of 3D cultured cells, combined fluorescence staining and confocal laser microscopy is used \[[@bib29], [@bib30], [@bib31]\]. However, there are several difficulties to evaluate the cell damages of 3D cultured cells. Since it takes time to allow fluorescent reagents to penetrate inside 3D cultured cells, it is likely that the superficial layers are stained more strongly than inside areas. Based on that, it is experimentally difficult to understand whether or not strongly stained areas are highly viable because of the concentration gradient of reagents. In this study, to avoid the concern, two-layered cell sheets were used. Following the two layered cell sheets were UV irradiated, the cell damage of lower cell layer covered with the upper layer was examined by the colony formation and MTT assays to evaluate the biological activity loss of cells in a depth direction. The sensitivity of colony formation assay to evaluate the cell viability was high when compared with other assays, such as MTT and sulforhodamine B assays \[[@bib32]\].

Materials applicable for regenerative therapy products are usually obtained from easily accessible cell sources, such as skins \[[@bib33]\] or oral mucosa \[[@bib34]\]. The tissues anatomically position on the outer surface of bodies, and the structure is of stratified epithelium to protect bodies. When cell products are prepared from the types of tissues, it is important to protect their basal layers, which have biological activities to be expected. In the case of oral mucosal epithelial cell sheets, punch biopsy samples of oral mucosal tissue are used \[[@bib34]\]. Stem cells which exist in the basal layer, are essential and important to prepare the cell sheets in terms of the therapeutic effect expected \[[@bib35]\]. Cytokeratin 4, which is expressed in the middle and superficial layer of naïve oral mucosal epithelium, was often hardly expressed in the final products of cell sheets \[[@bib36]\]. The UV irradiation at 222 nm, which has an ability to kill cells only on the surface layer, would be a promising tool to easily sterilize the surface of skin and oral tissues. Antibacterial agents are one of the most commonly used sterilization methods for cell processing. However, they sometimes give some damages to some types of cells \[[@bib37]\]. It is reported to use amphotericin-B at a lower concentration than that commercially recommended to avoid the cytotoxic effects \[[@bib38]\]. This study clearly indicates that the irradiation of 222 nm maintained the cell viability of lower layers of two-layered cells, even at the high dose. The 222 nm irradiation could be a promising option for novel sterilization method. Another sterilization method of hydrogen peroxide (H~2~O~2~) exposure is also cytotoxic \[[@bib39]\] and the H~2~O~2~ sometimes remains on the surface of the materials exposed \[[@bib40],[@bib41]\]. On the contrary, 222 nm UV light irradiation does not have such a remaining problem and is a convenient method to switch ON/OFF quickly.

In this study, there are three limitations to evaluate the cell viability. First, all the experiments are conducted for NCTC Clone 929 cells. The NCTC Clone 929 is easy to prepare cell sheets, and it is well known as one of often used cell lines for the cytotoxicity assay \[[@bib42],[@bib43]\]. Based on the findings, in this study, the cell was selected as a model cell. For further study and applications, other types of cells used for practical applications, such as mesenchymal stem cells and matured cells, should be used.

Second, only two types of viability assays are conducted in this study, such as MTT and colony formation assays. There are so many types of cell damage or viability assays, and none of them can prove the cell death directly. Among them, MTT and colony formation assays are as one of the most sensitive viability assay of cells \[[@bib32]\]. The sensitive assays are demonstrated to accurately detect the cell damage of lower cell layers which are covered with the upper cell layers, irradiated at 222 nm. However, there is one of the most major DNA damages, such as cyclobutane-pyrimidine dimers (CPDs) \[[@bib44]\]. Further evaluation at the DNA level would give us further understanding on the safety of 222 nm irradiation.

Third, the biological function of cells is important for cell applications. The influence of 222 nm irradiation on the cellular biological functions should be investigated.

It is concluded that UV light at 222 nm is safer to the lower layer than the conventional UV light at 254 nm, which showed a high cytotoxicity to the lower layer. UV light at 222 nm could be one of promising tools to be required for the sterilization of cell products in the future.
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